regulating intestinal gene expression under physiological conditions are still poorly understood.
Since 2001, several studies have addressed the interplay between genotypes and expression profiles in various model organisms (12, 13, 18, 27, 29, 32, 41, 44) . The number of studies conducted in humans is still relatively small, yet growing. Cheung and Spielman (7) suggested that, ideally, expression phenotypes should be studied in families, with a whole genome approach, in order to estimate natural variation in gene expression. The identification of causal associations between DNA variation and gene expression phenotypes, among other complex traits, was successfully demonstrated recently in mice, suggesting that this approach may be applicable to complex human diseases (33) . Studies with lymphoblastoid cell lines representing multigenerational families from the Centre d'Etude du Polymorphisme Humain (CEPH) collection have demonstrated that transcript levels can be treated as quantitative trait loci (expression quantitative trait loci, eQTL) and can be mapped to specific chromosomal regions with a genomewide single nucleotide polymorphism (SNP) panel (24, 25, 28) . Additionally, several studies using lymphoblastoid cell lines originating from individuals in the HapMap project (40) showed expression differences between populations, indicating an abundance of cis-regulatory variation in the human genome (35, 36, 42) , and identified heritable transcript profiles, associated with specific biological functions in these cell lines (9) . Although the studies were the first to demonstrate that human gene expression is a heritable trait on the genomewide scale, the use of immortalized cell lines, which were employed to minimize the environmental influences on gene expression patterns, obviously does not reflect the physiology of an organ constantly exposed to a changing environment.
To address the question of whether the underlying principle of inheritance can be identified in humans in natura, we used colonic endoscopic biopsies from 20 monozygotic (MZ) and 20 dizygotic (DZ) human twins to assess variation in gene expression levels on a genomewide scale. Samples from MZ and DZ twins allow the analysis of three groups: 1) genetically identical individuals raised under almost identical conditions; 2) individuals who share 50% of genetic information but were raised under almost identical conditions; and 3) nonrelated individuals of the same ethnicity who were brought up under different conditions (i.e., through random drawing of 1 twin individual from each pair). Since the colonic mucosa is under intensive environmental challenge including nutrient and microbial interactions, nongenetic control of gene expression is likely to play an important role in the transcriptional profile of this organ. An intraclass correlation analysis was used to systematically quantify the relative genetic contribution to transcriptional variation in vivo by comparison of MZ, DZ, and unrelated individuals. Using this approach, we identified 172 gene transcripts and 66 enriched biological processes as being under significant genetic control, which interestingly are associated with three categories of biological processes: cell and tissue regeneration and organization, organ regeneration, and energy metabolism.
MATERIALS AND METHODS
Sample selection, preparation, and hybridization. The 40 healthy twins (20 MZ, 20 DZ; median age 33 yr, range 20 -53 yr) recruited for this study were tested for mono-or dizygosity as previously published (1, 43) . The study setup was approved by the Bioethical Committee of the Kaunas University of Medicine, where the patients were recruited. All patients gave written informed consent before data and biomaterials were collected. Additionally, a demographic questionnaire was used to assess the degree of heterogeneity in the environment of the twins, where shared environment (here, concordance Ն90%) represented an inclusion criteria for this study (Table 1 ). All twin pairs originated from the same region (administrative district of Kaunas). The cohort for real-time PCR analysis consisted of 25 additional unrelated healthy individuals (median age 56 yr, age range 26 -70 yr). All biopsies were taken from the rectosigmoidal colon by endoscopy. Total RNA was extracted and processed as previously described (22) and hybridized to an Affymetrix UG 133 Plus 2.0 microarray according to the manufacturer's protocol. Data were normalized with GCRMA (R, Bioconductor), and signals that were not present in at least 80% of the samples were excluded from further analysis. Experimental and analytical parts of the microarray analysis were submitted according to MIAME standards to Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo; series: GSE7821, samples: GSM189751-GSM189790).
Real-time PCR analysis of individual transcript levels. Real-time PCR (TaqMan) was performed according to the manufacturer's guidelines (Applied Biosystems) with a 7900HT Fast Real-Time PCRSystem. Expression levels of 10 genes under strong genetic control (in the top 25, ranked in descending order by heritability) were compared with 10 genes with no significant genetic control (P value Ն0.05; transcripts had to be expressed in all samples; list of transcripts investigated is in Supplemental Table S1 ).
1 Expression levels were calculated relative to ␤-actin with the standard curve method (21) , variability was quantified with the interquartile range, and differences between variabilities were tested for significance with the MannWhitney U-test.
Data analysis: intraclass correlation. The intraclass correlation coefficient (ICC), which represents a parametric gene correlation for gene expression signals, was calculated as previously described (34) . Significance of genetic control was assessed with randomization tests by shuffling twin pairs and calculating ICC values for K ϭ 10,000 permutations. The probability distribution based on these calculations has been used to estimate the one-sided P value for an observed ICC as published earlier (10) . To obtain the P values of ICC MZ Ϫ ICCDZ, the zygosity was shuffled for twin pairs (for both twins) and ICCMZ and ICCDZ were calculated for K ϭ 10,000 permutation samples, where
I is an indicator function [I (true) ϭ 1 and I (false) ϭ 0], and the sum was calculated from k ϭ 1 to k ϭ K. The narrow-sense heritability was calculated as
as previously described (34).
Genes and gene functions [retrieved from the Gene Ontology (GO) consortium] were selected according to two criteria: P ICC DZ Յ 0.05 and P ICC MZ ϾICC DZ Յ 0.05. To determine the number of GO terms per GO category (e.g., energy metabolism) that could be expected by chance, a randomization test (K ϭ 10,000 permutations) was used.
Data analysis: molecular phylogenetic conservation. Molecular phylogenetic conservation was analyzed by comparing the relative sequence identity of human genes to their orthologs in seven diverse model eukaryotes (Pan troglodytes, Macaca mulatta, Mus musculus, Rattus norvegicus, Xenopus tropicalis, Drosophila melanogaster, and Caenorhabditis elegans) with DNA sequence identity data from the Ensembl database (www.ensembl.org). Only transcripts for which orthologs were available for all seven species were subjected to further analysis. Molecular phylogenetic conservation of genes in biological processes that were identified as being under genetic control (n ϭ 679) were compared with the remaining genes (n ϭ 1,466). Significance of differences was assessed with the MannWhitney U-test.
RESULTS
To systematically assess the genetic control of mRNA transcription, 40 whole genome expression profiles of human colonic mucosa were generated with an Affymetrix HG U133 Plus 2.0 microarray (data deposited at Gene Expression Omnibus; series: GSE7821, samples: GSM189751-GSM189790). In total, 16,594 transcripts, representing 8,535 known genes and 3,152 additional uncharacterized transcripts, were present in the colonic mucosa of healthy individuals (detection P value Յ 0.05 in at least 80% of all samples). The 8,535 known genes were categorized by 1,781 different GO biological process terms. After assessment of significance with a permutation analysis, transcript levels in 172 of the 8,535 (2.02%) genes were classified as being under significant genetic control (see Supplemental Table S2 ). The extent of 1 The online version of this article contains supplemental material. Concordance is shown as % of all twins interviewed. Categories for concordances: smoking habit: smoked/smokes, never smoked; alcohol consumption: no, irregular, daily alcohol consumption; highest education level: primary school, secondary school, university; family status: single, married, divorced; vaccination: measles or tuberculosis (TBC) vaccination, measles only, TBC only, none; current disease: healthy, diseased (including allergies); profession category: office worker, student, housewife/houseman, builder.
genetic contribution to the individual transcript levels was estimated to be between h 2 ϭ 33.5% and h 2 ϭ 88.9%. Figure 1 depicts the top 30 transcripts under the highest level of genetic control compared with 30 transcripts with no detected significant level of genetic control. Real-time PCR-based analysis showed that transcription levels of genes under genetic control display a significantly (P ϭ 7.58 ϫ 10 Ϫ5 ) lower variability (median interquartile range ϭ 0.0793) than genes with no significant genetic control (median interquartile range ϭ 0.1964; Fig. 2 ). Other measures of variability, such as variance and standard deviation, showed similar results. Analysis of transcripts in groups classified by GO terms identified 66 of 1,781 (3.71%) biological processes as being under significant genetic control, with h 2 ranging from 18.6% to 76.5% ( Fig. 3 and Supplemental Table S3 ). Categorization of GO terms resulted in 71% of those GO terms being associated with cell 2 ) is quantified as the proportion of the variability of the transcription levels that can be explained by genetic control (genetic contribution, right). Heat map displays the transcriptional differences within a twin pair, normalized to the differences observed in all pairs for each transcript (color range: blue ϭ maximal distance, black ϭ middle distance; yellow ϭ minimal distance) for both monozygotic and dizygotic twins.
and tissue regeneration and organization (compared with 16% expected by chance), 9% being associated with processes that are relevant for organ organization and maintaining the current status (compared with 2% expected by chance), and 12% being associated with energy metabolism (compared with 1% expected by chance), while only 3 of 66 identified GO terms were relevant to immune response (originating from 1 single transcript, in contrast to 7 transcripts expected by chance).
Biological processes identified to be under strong genetic control were further analyzed for their molecular conservation at the level of the coding DNA sequences between human sequences and their orthologs from seven model eukaryotic species (P. troglodytes, M. mulatta, M. musculus, R. norvegicus, X. tropicalis, D. melanogaster, and C. elegans). This analysis revealed a significantly higher degree of sequence conservation for genes in genetically regulated processes compared with the remaining genes, which were not genetically regulated processes (Fig. 4) . The high degree of molecular phylogenetic conservation of genetically controlled transcripts was most apparent when human orthologs were compared with organisms from lower animal phyla (e.g., C. elegans).
DISCUSSION
The interaction between genetic and nongenetic factors in the regulation of gene expression in humans is crucially involved in shaping individual phenotypic variation (20, 23) . Although the influence of single genetic polymorphisms on gene expression has been characterized in detail, the regulation of complex gene expression profiles is still poorly understood on a genomewide scale. While it has been demonstrated in other organisms that genotypes influence complex expression phenotypes (5, 12, 18, 27, 32, 41, 44) , the number of studies showing this association in human cell lines started to increase only within recent years (9, 15, 24, 25, 28, 33, 35, 36) . A recent study, analyzing the expression of 12,600 genes from peripheral blood cells obtained from three MZ and three DZ twin pairs, indicated a genetic component regulating the observed transcript levels (37) . However, it has been questioned whether ex vivo analysis of peripheral blood cells may be suited for comprehensively assessing genetic influences on gene expression (24) , since many factors including cell preparation, sex, sampling time, blood cell count, and ex vivo stimulation conditions modulate transcript levels (45) . It must also be noted that under normal conditions the influence of environmental factors on circulating white blood cells is rather limited.
We have examined whole genome expression profiles in mucosal biopsies from the human colon, which we employ as Real-time PCR analysis of genetic control of individual transcript levels in colonic biopsies in an independent cohort. Variability of gene expression levels was assessed in an independent cohort of 25 healthy individuals for 10 genes that were classified as being under strong genetic control and 10 genes that showed no significant genetic control in the previous analysis (genes selected for this analysis are listed in Supplemental Table S1 ). Box plots represent the interquartile range of the measurements for the 10 genes, obtained in 25 individuals (25th percentile, median, 75th percentile). Error bars display the maximum and minimum values. a paradigm for a barrier organ system that is exposed to constant environmental challenge (26) . Human MZ and DZ twins were chosen in order to assess the narrow-sense heritability of transcript levels. The comparison between MZ and DZ twins facilitates controlling for the shared environmental variance among twin pairs. Additionally, selection of twin pairs with a high degree of long-term shared environment aimed to control the confounding factor of distinct environments. Analysis of ICCs with the 16,594 transcripts expressed in at least 80% of colonic samples has enabled us to quantify the extent to which genetic factors contribute to the variability of gene expression as a relative measure for narrow-sense heritability.
Interestingly, the expression levels of only a small proportion of the individual transcripts and biological processes (based on GO classifications) were significantly controlled by genetic factors (2.02% and 3.71%, respectively). This is in concordance with previous studies in human cell lines in which only 3.24% (762 of 23,499) of all expressed genes were shown to be under significant genetic control (24) . In contrast to the concordance with some previous studies, other studies have reported a proportion of heritable transcripts of 28% (9) or 85% (15) . This demonstrates that treating transcript expression levels as traits should be undertaken with caution, since, in contrast to genetic polymorphisms, an expression profile is a transient and tissue-specific observation. Additionally, a direct comparison to results obtained from immortalized cell lines may be misleading, since one approach displays a heterogeneous cell composition with all their interactions, while the other approach focuses on an isolated and controlled cell type. The extent of genetic control of regulated individual transcripts ranged from h 2 ϭ 33.5% to h 2 ϭ 88.9% and for biological process from h 2 ϭ 18.7% to h 2 ϭ 76.5%. The genetic control observed with microarrays was supported by real-time PCR analysis: genes under genetic control show a significantly (P ϭ 7.58 ϫ 10 Ϫ5 ) lower variability in mRNA expression levels than genes that are not under genetic control.
Genes under tight genetic expression control (e.g., h 2 Ͼ 85%) may be, if variants exist, highly relevant candidates for genetic etiology research in complex human diseases. However, comparison of the results of recently published genomewide association studies in colorectal cancer (2, 17, 38, 39) with the transcripts under significant genetic control revealed no direct connection. This demonstrates that constructing a link between potentially disease relevant polymorphisms and expression profiles of healthy individuals without further functional evidence remains speculative.
Interestingly, the identified genes also share a higher degree of sequence conservation in the coding sequence compared with nongenetically controlled transcripts. This may reflect that selective pressure has been imposed on the genes and biological processes that has favored a minimal sequence and expression variation throughout evolution. The majority of the biological processes that were identified as being under significant genetic control can be grouped into three major categories: cell and tissue regeneration, processes that are relevant for organ organization, and energy metabolism. Previous studies have identified similar processes in human cell lines like mitosis and DNA replication (9) . In contrast, only 3 (closely related) of 66 biological processes [natural killer (NK) cell proliferation, NK T-cell proliferation, regulation of IB kinase/NF-B cascade] were associated with immune response, which is one of the most prominent functions of barrier organs (26, 31) . The discordance with a previous study, which identified numerous immune-related transcripts as being heritable (9), might be explained by differences between lymphoblastoid cell lines and primary mucosal tissue, but the information available does not allow us to identify the source of discordance. Interestingly, in the present study, the genetic control of two of these immune response processes can be delineated to a single gene, E74-like factor 4 (ELF4), which has been described as a potent activator of interleukin-8 in hematopoietic cells (16) . This could indicate that only a limited number of primary control mechanisms exist for biological processes under genetic control. It is therefore tempting to speculate that the identified biological processes that are under significant genetic control are important for survival and are only minimally influenced by environmental factors, although the present setup does not allow one to quantify the influence by nongenetic factors. Identification of the master regulators of these processes could therefore open important new insights into evolutionary selection mechanisms and potentially also identify important targets for therapeutic interventions.
A remarkable shared tendency of all genes that were associated with significantly heritable biological processes, relative to those that were not, is their degree of phylogenetic conservation among metazoans, as determined by DNA sequence identity. This observation confirms that these genes are under strong stabilizing selection because their products form part of fundamental organizational processes. This is supported by a recent study that showed that a key element of transcriptional regulation, namely DNA methylation, is ontogenetically stable (11) .
It should be considered that DNA methylation as an epigenetic factor may also influence the observed degree of genetic control of transcription levels (4) . A previous study showed that epigenetic differences increase in MZ twins as they age (14) , indicating that these represent individually acquired differences as a result of diverging environmental influences. We cannot determine the exact extent to which such epigenetic effects may have affected our estimates of heritability. How- ever, since our study subjects were relatively young compared with those in the earlier study, and since both groups (MZ and DZ twins) have the same age range, it is unlikely that epigenetic influences represent a significant confounding factor. An additional potential influencing factor of expression levels and their heritability is somatic copy number variation (CNV), which has been shown to differ between MZ and DZ twins (6) . Gene dosage, repressor dosage, and promoter dosage are ways in which CNVs can influence gene expression (19) , but since the number of CNVs is smaller in closely related individuals than between unrelated individuals (30), this effect should not influence the estimated heritability of transcription levels based on the ICCs of MZ and DZ twins. Moreover, CNVs might be one of the mechanisms contributing to the heritability of transcription levels.
Conclusion. Together our results provide a map of individual genetically controlled transcripts and biological processes from intestinal mucosal samples. This is the first attempt to systematically monitor the extent of genetic control over in vivo gene expression in a relevant organ that is under constant environmental challenge and thus strong selection pressure. Therapeutic approaches that target mechanisms that are under tight genetic control might maximize the proportion of individuals who respond to a therapy or do not develop side effects. Further investigation into the genetic and nongenetic regulation of physiological and pathophysiological mechanisms may provide new insights into the environmental influences that play key roles in susceptibility to, and etiology of, many common diseases.
